Background. e hygiene hypothesis suggests that high hygiene standards have led to an immune dysfunction and an increase in allergic diseases. Farming-related exposures are associated with a decreased risk of asthma. Since the gut microbiota may be a pivotal component in the hygiene hypothesis, we studied whether perinatal exposure to pets, doctor's diagnosed wheezy bronchitis (WB), and compositional changes in the gut microbiota are interrelated among urban infants. Methods. Data were collected prospectively from a mother-infant nutrition study. Data on perinatal pet ownership, WB, and the microbiota composition of faecal samples of the infants assessed by quantitative PCR at 1 month were compared. Results. None of the 30 infants exposed to pets had suffered from WB by 24 months, whereas 15 of the 99 (15%) nonexposed infants had had WB ( ). e counts of Bi�dobacterium longum were higher in samples ( ) from nonwheezing infants with pet exposure compared to those ( ) in wheezing infants without pet exposure (8.59/10.44 versus 5.94/9.86, resp. (median/upper limit of range, bacteria(log)/g of stool);
Introduction
e development of asthma and allergic diseases is a result of complex interactions between genetic predisposition and multiple environmental in�uences [1] . e hygiene hypothesis, �rst proposed by Strachan in 1989 [2] and subsequently supported by epidemiological studies [3] , suggests that the higher hygiene standards adopted during the last few decades have led to dysfunction in the immune system, giving rise to allergic and autoimmune diseases as seen especially in affluent societies. Modern infants living in the developed countries may thus lack stimulation of the mucosal immune system sufficient to generate a tolerogenic immune milieu and be prone to develop diseases of in�ammatory origin. In support of such a conception, differences in the neonatal gut microbiota have been shown to precede the development of atopy; for example, infants in whom atopy is developing harbour fewer bi�dobacteria than their nonatopic peers [4] . e original hygiene hypothesis has been extended to a microbiota hypothesis emphasising the importance of the indigenous intestinal microbiota [5] .
Farming-related exposures such as exposure to animal sheds and raw milk consumption have been shown to protect against the development of asthma and allergies [3] . Children living on farms are exposed to a wide range of microbes, and the diversity of microbial exposure is inversely associated with the risk of asthma [6] . Microbial communities in the household have also been shown to be signi�cantly impacted by the presence of indoor pets [7, 8] . In epidemiological studies exposure to indoor cats [9] and dogs [10] early in childhood has been linked with a diminished incidence of asthma and decreased respiratory infectious disease morbidity [11] . Evidence has been provided for the role of the innate and adaptive immune systems in mediating these protective effects [12, 13] .
We hypothesized that the composition of the microbiome in the homes of families with indoor pets may impact the composition of the infant gut microbiota and shape the immune responses, providing protection against wheezing illness in infancy. erefore we investigated the interrelationship between perinatal pet exposure, infant wheezy bronchitis as diagnosed by a physician, and the composition of the faecal microbiota.
Subjects and Methods

Subjects and Study
Design. is study was part of a randomized mother-infant nutrition and probiotic study (section 3 in, http://www.clinicaltrials.gov/ct/gui/show/ NCT00167700), described in detail elsewhere [14] ). In brief, altogether 256 pregnant women from families in which at least one member had asthma or an allergic disease were recruited in the �rst trimester of pregnancy, at the �rst visit to maternal welfare clinics in Turku and neighbouring areas in South-West Finland. At entry, the women were randomized into three groups: (1) a group receiving probiotics and dietary counselling ( ) provided by a nutritionist and designed to modify dietary intake according to the recommendations at the time of study initiation [15, 16] , (2) a group receiving placebo and dietary counselling ( ), and (3) a group receiving placebo without dietary counselling ( ). In groups 1 and 2, the mothers were randomized to receive probiotics or placebo in double-blind manner. In group 3, the mothers received placebo single-blinded. To strengthen the dietary course and to demonstrate sources of favourable fat and �bre content, various food products available on the market were provided for use at home. e probiotics used in the study were Lactobacillus rhamnosus GG (ATCC 53103, Valio Ltd, Helsinki, Finland) and �i�dobacterium lactis (Chr. Hansen, Horsholm, Denmark) at a dose of 10 10 cfu/day each. Maternal probiotic consumption continued until the cessation of exclusive breastfeeding or until the infant was 6 months of age. Written informed consent was obtained from the participants, and the Ethics Committee of the Hospital District of South-West Finland approved the study.
Altogether 129 mothers with data on indoor pet keeping, mainly cats and dogs, were included in this part of the study. Characteristics of the study infants are set out in Table 1 . Clinical examinations of the infants were carried out and data collected at the ages of 1, 6, 12, and 24 months. An infant was con�rmed as having had doctor's diagnosed wheezy bronchitis if at least one period of wheezing, cough, and breathing di�culty could be veri�ed in the Hospital District medical records by the age of 24 months. Data on demographic aspects and the medical history of mother and child were collected using semi-structured interviews throughout the study. Quantitative PCR. Quantitative PCR (qPCR) analysis of �i�-dobacterium genus and the most important species present in the human gut was carried out in an Applied Biosystems 7300 Fast Real-Time PCR System in a 96-well format and using SYBR Green chemistry (SYBR Green PCR Master Mix, Applied Biosystems, USA). e primers, their speci�cities, and the PCR thermocycling conditions are presented in Table  2 . Standards for qPCR were prepared as described in Nermes et al. [17] . Samples were analysed in duplicate in at least two independent runs.
Skin Prick Tests.
To study the presence of atopy in the study infants, that is, IgE-mediated sensitization to environmental allergens, skin prick tests (SPTs) were performed at 24 months. e antigens tested included fresh cow's milk (3.3 g/100 g), raw hen's egg white, wheat and rice �our both diluted 1/10 (w/v) with 0.9% (w/v) sodium chloride, and gliadin 1 mg/mL (Hospital Pharmacy of Turku University Hospital, Turku, Finland Histamine dihydrochloride (10 mg/mL, ALK, Horsholm, Denmark) was used as positive control and physiological saline as negative. e perpendicular diameters of each SPT reaction were recorded aer 15 min, and the results expressed as mean weal diameter. Diameters ≥3 mm were considered positive. An infant was considered atopic if at least one of the tested allergens was positive.
Statistical
Methods. e association of pet exposure with WB was calculated using exact logistic regression analysis. Other associations between predictors and dichotomous response variables were studied with univariate logistic regression analysis. Mann-Whitney test was used for comparison of continuous variables such as results of PCR analysis of faecal samples between two groups. Statistical analyses were performed using SAS for Windows version 9.2.
values < 0.05 were considered statistically signi�cant.
Results
None of the 30 infants who were perinatally exposed to pets had suffered from WB by 24 months, whereas 15 (15.3%) of the nonexposed infants had ( 0.03). Maternal asthma, maternal atopy, parental smoking, duration of breast feeding, study group, number of siblings, and gender were considered as potential confounders of the association between pet exposure and WB; however, no signi�cant associations were found between pet exposure and potential confounders. Eight (26.7%) of the pet-exposed and 42 (42.4%) of the nonexposed infants were atopic by 24 months ( 0. ). Faecal samples at the age of 1 month were obtained from 17 nonwheezing, pet-exposed infants and from 10 wheezing, nonexposed infants. B. longum was more abundant in samples from the nonwheezing pet-exposed than in those from the wheezing nonexposed infants ( 0.0 ), whereas B. breve was detected in higher amounts in the latter group (Table 3) . e counts of B. breve were above the detection limit in 1/17 (6.9%) of the samples of the exposed and in 5/10 (50.0%) of the nonexposed infants.
Discussion
To our knowledge, this study is the �rst to show that perinatal exposure to indoor pets among urban infants, protection from wheezy bronchitis, and compositional differences in the gut microbiota are associated. Although farming-related exposures and keeping indoor pets have already been shown to confer protection against asthma and wheeze, the mechanisms of this protective effect have remained unravelled, even though they have been suggested 4 ISRN Allergy T 3: Results of qPCR analysis of the faecal samples (bacteria(log)/g of faeces) from pet-exposed, non-wheezing (nWB) infants ( ) and non-exposed, wheezing (WB) infants ( ) at one month of age. Signi�cant differences between pet-exposed non-wheezing and non-exposed wheezing infants. Mann-Whitney test. † Bacteria not detected.
to be mediated via innate immunity [27] . CD 14 and tolllike receptors (TLRs), which recognize pathogen-associated molecular patterns at the interfaces of an organism with the environment, play a pivotal role in triggering the responses of innate immunity. Environmental exposures which are rich in microbes and where such microbes are encountered during pregnancy or early life have been reported to be associated with upregulation of mRNA expression of innate immune receptors [28, 29] and a decreased risk of asthma and allergic disease [6, 30] . �ur results demonstrate signi�cant differences in the gut microbiota, as indicated by differences in bi�dobacteria composition, between the nonwheezing and wheezing infants depending on the presence of pets in the household. ese results are in agreement with earlier reports on the microbiota and innate immunity and link results from epidemiological and experimental studies. Murray et al. [31] evaluated the composition of faecal microbiota in sensitized wheezy and nonsensitized nonwheezy children at 4 years of age and did not �nd any differences between the two groups. However, the setting of their study was different from that of ours. e children in this study were younger. e composition of faecal microbiota was investigated at the age of 1 month, that is, earlier in life, and it may be possible that the differences disappear later. Further, in the study of Murray et al. the children had a history of parentally reported wheeze, whereas the children of this study had doctor's diagnosed wheeze which implies that the disease may have been more severe.
Bi�dobacteria have been demonstrated to be important for the healthy development of the gut microbiota in infants, and low levels of Bi�dobacteria have been associated with the subsequent development of allergic disease [4, 32] . In fact, Bi�dobacteria are the most abundant members and are regarded as key biological markers of the gut microbiota of the healthy breast-fed infants [33] . Our results indicate that speci�c Bi�dobacterium species are associated with distinct outcomes; Bi�dobacterium longum links the potentially protective effect of pet exposure from WB, whereas Bi�dobacterium breve is interrelated with lack of pet exposure and WB. is �nding of different outcomes is in accordance with the previous observation where Bi�dobacterium longum conferred protection and Bi�dobacterium breve heightened risk of crying and fussing during the �rst months of life of an infant [34] . ere are also data to show that individual Bi�dobacterium species exert distinct effects on immunity and disease risk [35] . An experimental study in gnotobiotic mice gave some indication of the different effects of Bi�dobac-terium longum and Bi�dobacterium breve on the developing immune system [36] . Bi�dobacterium longum strains isolated from infants' faecal microbiota were able to induce strainspeci�c effects on systemic and intestinal immunity whereas Bi�dobacterium breve strains were found to have little effect on the immune system [36] .
In conclusion, this study showed in an urban setting that perinatal pet exposure, compositional differences in the gut microbiota, and protection from early wheezing are interrelated. Further research is needed to elucidate the composition of microbial environments associated with indoor pet keeping, their impact on the developing gut microbiota of an infant, and the mode of action in inducing diseasemodifying effects.
